Abstract Parkinson's disease (PD) is a progressive movement disorder characterized by neuroinflammation and dopaminergic neurodegeneration in the brain. 1-methyl-4-phenylpyridinium (MPP + ), a metabolite of the parkinsonian neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induces the release of inflammatory mediators from glial cells and neurons. Glia maturation factor (GMF), a brain proinflammatory protein, MPP + , and mast cell-derived inflammatory mediators induce neurodegeneration which eventually leads to PD. However, the precise mechanisms underlying interaction between glial cells, neurons and mast cells in PD still remain elusive. In the present study, mouse bone marrow-derived mast cells (BMMCs) and mouse fetal brainderived mixed glia/neurons, astrocytes and neurons were incubated with MPP + , GMF and mast cell-derived inflammatory mediators mouse mast cell protease-6 (MMCP-6), MMCP-7 or tryptase/brain-specific serine protease-4 (tryptase/BSSP-4). Inflammatory mediators released from these cells in the culture medium were quantitated by enzyme-linked immunosorbent assay. Neurodegeneration was quantified by measuring total neurite outgrowth following microtubule-associated protein-2 immunocytochemistry. MPP + -induced significant neurodegeneration with reduced total neurite outgrowth. MPP + induced the release of tryptase/BSSP-4 from the mouse mast cells, and tryptase/BSSP-4 induced chemokine (C-C motif) ligand 2 (CCL2) release from astrocytes and glia/neurons. Overall our results suggest that MPP + , GMF, MMCP-6 or MMCP-7 stimulate glia/neurons, astrocytes or neurons to release CCL2 and matrix metalloproteinase-3. Additionally, CD40L expression is increased in BMMCs after incubation with MPP + in a co-culture system consisting of BMMCs and glia/neurons. We propose that mast cell interaction with glial cells and neurons during neuroinflammation can be explored as a new therapeutic target for PD.
Introduction
Parkinson's disease (PD) is a multifactorial chronic progressive neurodegenerative disease characterized by the presence of neuroinflammation and accumulation of α-synuclein in the dopaminergic neurons which is associated with the formation of Lewy bodies and neurodegeneration (Phani et al. 2012) . Mast cells are implicated in neuroinflammation and in the pathogenesis of PD, Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE) (Secor et al. 2000; Sayed et al. 2011; Kempuraj et al. 2015) . Mast cells are generally co-localized adjacent to glial cells in the brain during neuroinflammatory responses (Kim et al. 2010) . Resident brain mast cells are present adjacent to blood vessels, glial cells and nerves in the central nervous system (CNS), and communicate with these cells in pathophysiological conditions (Chikahisa et al. 2013) . Activated mast cells release several multifunctional proinflammatory mediators including interleukin-1beta (IL-1β), , tumor necrosis factor-alpha (TNF-α), granulocyte macrophage-colony stimulating factor (GM-CSF), chemokine ( C -C m o t i f ) l i g a n d 2 ( C C L 2 ) , C C L 5 , m a t r i x metalloproteinase-3 (MMP-3), substance P, histamine, tryptase, prostaglandins, reactive oxygen species (ROS), reactive nitrogen species (RNS) and nitric oxide (NO) during an inflammatory response (Mekori and Metcalfe 2000; Kalesnikoff and Galli 2008; Sismanopoulos et al. 2012; Theoharides et al. 2012; Kempuraj et al. 2013) . Persistent microglial activation and chronic neuroinflammation are implicated in the PD pathogenesis (Grimmig et al. 2016; Li et al. 2016) .
Protease-activated receptors (PARs) expressed on the neurons are cleaved by the mast cell proteases and mediate neuroinflammation (Saito and Bunnett 2005) . Mast cells express proteases such as tryptase, chymase and carboxypeptidase in the granules. Human mast cells express α tryptase and β tryptase and several chymases. Mouse mast cell protease-6 (MMCP-6) and MMCP-7 are considered to be similar to human tryptase β and α, respectively. Mast cell tryptase activates rodent microglia to release TNF-α, IL-6, and ROS . PAR2 is expressed on neurons as well as mast cells and plays an important role in promoting neuroinflammation when activated by mast cell proteases (Cottrell et al. 2003) . Cross-talk between astrocytes and mast cells through CD40 and CD40L during neuroinflammation causes the release of many inflammatory mediators from these cells (Kim et al. 2010; Kim et al. 2011; Walker et al. 2012) . The cross-talk between glial cells, neurons, and mast cells contributes to the release of proinflammatory mediators that induce neurodegeneration in the brain Dong et al. 2016) . However, the nature of the molecular and cellular interactions between glial cells, neurons and mast cells is not very clear. In this study, we have investigated if PD-relevant stimuli MPP + and glia maturation factor (GMF) could activate mast cells, and that the mast cellderived proteases activate glial and neuronal cells to further release inflammatory mediators relevant to PD pathogenesis. Our current data support the paradigm that the cross-talk between neurons, glial cells and mast cells, which is regulated by neuroinflammatory cytokines and chemokines, is involved in the neurodegeneration in PD. We suggest that the mast cell interactions with neurons and glia represents a novel target against PD.
Methods Reagents
Iscove's Modified Dulbecco's Medium (IMDM), Dulbecco's phosphate buffered saline (DPBS), Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 (DMEM F-12), Neurobasal medium, Fetal bovine serum (FBS), 2-Mercaptoethanol, GlutaMAX-1, Penicillin-Streptomycin and 0.25% Trypsin-EDTA were purchased from Life Technologies (Grand Island, NY). Rabbit IgG control antibody was obtained from Proteintech (Chicago, IL). Mouse IgG1 isotype control antibody was purchased from Thermo Scientific (Rockford, IL). Cell culture flasks and cell culture plates were obtained from Costar (Corning Incorporated, and Corning, NY) . Recombinant mouse mast cell protease-6/ Mcpt6, Recombinant mouse tryptase beta-1/Mcpt7, tryptase/ BSSP-4, Enzyme-linked immunosorbent assay (ELISA) kits for mouse CCL2, MMP-3, tryptase/BSSP-4, monoclonal antimouse CD40L/TNFSF5 Phycoerythrin conjugated Rat IgG2A antibodies and flow cytometry reagents were purchased from R&D Systems (Minneapolis, MN). ImmPACT 3,3′-diaminobenzidine (DAB) peroxidase and avidin-biotin complex (ABC) kits were purchased from Vector Laboratories (Burlingame, CA). C57BL/6 wild type (Wt) mice and C57BL/6 Wt pregnant mice were purchased from Charles River Laboratories (Wilmington, MA). 1-methyl-4-phenylpyridinium (MPP + ) and Poly-D-lysine were purchased from Sigma-Aldrich (St. Louis, MO). Paraformaldehyde was purchased from USB Corporation (Cleveland, OH). Microtubule-associated protein-2 (MAP-2) monoclonal antibody was obtained from Chemicon International (Temecula, CA).
Mouse Primary Mast Cell Culture
GMF-knockout (GMF-KO) mice was previously developed in our laboratory and a colony of these mice was always maintained for our studies (Lim et al. 2004) . Bone marrowderived mast cells (BMMCs) were grown by culturing bone marrow cells from the femur of Wt mice (C57BL/6) as well as from GMF-KO mice (C57BL/6) as reported previously (Tagen et al. 2009; Kim et al. 2011; Sayed et al. 2011) . Briefly, bone marrow cells were aspirated and cultured in DMEM supplemented with IL-3 (10 ng/ml), 10% heatinactivated FBS, 1% penicillin-streptomycin, 20 μM 2-mercaptoethanol, 1% L-glutamine for 4-7 weeks at 37°C in a 5% CO 2 incubator. During this culture period, non-adherent cells were removed twice every week with the addition of fresh culture medium. After 4-7 weeks of culture, >99% of the cells in the culture were mast cells as determined by 0.1% toluidine blue staining as we have previously reported (Tagen et al. 2009 ). BMMCs cultured over 5 weeks were used for the experiments. Bone marrow cells from 5 to 10 mice were pooled together in order to get more number of BMMCs in the culture. This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The Committee on the Ethics of Animal Experiments of the University of Iowa (Iowa City, IA) and the University of Missouri (Columbia, MO) approved the protocol.
Stimulation of Neuronal Cells and MAP-2 Immunohistochemistry to Study Neuronal Morphology
In order to analyze the morphology of neurons in the culture, MAP-2 immunocytochemistry (ICC) was performed as reported previously (Marx et al. 2001; Kempuraj et al. 2013) . Briefly, mouse fetal brain cells from Wt mice and GMF-KO mice were isolated and grown in the neurobasal medium in 24 well cell culture plates coated with poly-D-lysine. These neuronal cells were incubated with MPP + , MMCP-6 and MMCP-7 at the indicated doses for different times and the culture media was removed from the wells. The cells were washed twice with DPBS and were immunostained for MAP-2 to analyze the neuronal morphology. First, the cells were fixed with 4% paraformaldehyde in DPBS for 10 min at room temperature and blocked with 5% normal goat serum. MAP-2 (1:500 dilution) monoclonal antibody was added to the wells and incubated overnight at 4°C. After washing, the cells were further incubated with goat anti-mouse biotinylated IgG secondary antibody for 1 h and ABC reagent for 30 min and subsequently with ImmPACT DAB peroxidase substrate solution for 5 min at room temperature. Development of brown color in the wells indicated positive reaction for MAP-2 in the neurons. The cells were washed with DPBS in between the incubations. Finally, the neurons were observed under the microscope (Nikon DIAPHOT microscope, Garden City, NY) and photographed. The total neurite length was measured in the whole area of photomicrographs using MetaMorph Software (Meta Imaging Series 7.8, Molecular Devices, Sunnyvale, CA) to quantitate the neuronal outgrowth (PerezMartinez and Jaworski 2005; Ould-yahoui et al. 2009 ). Mouse astrocytes and glia/neurons were incubated with MPP + , GMF, MMCP-6, MMCP-7 or tryptase/BSSP-4 for various time intervals as indicated in the results and legends sections. After the incubation period, the culture media was collected and assayed for inflammatory mediators by ELISA.
Mouse Primary Glia/Neurons, Astrocytes, and Neuronal Cells Culture Wt (C57BL/6) and GMF-KO pregnant mice were euthanized on the 16-17th day of gestation. Brains were harvested from the fetuses and the cells were used to grow glia/neurons, astrocytes and neuronal cells as reported previously (Zaheer et al. 2001; Zaheer et al. 2002) . Glia/neurons were grown in DMEM nutrient mixture F-12 (Ham) (DMEM F-12) with 5-10% FBS and 1% penicillin -streptomycin at 37°C in a 5% CO 2 and 95% air atmosphere in 25 cm 2 or 75 cm 2 tissue culture flasks. We obtained pure astrocytes by removing the microglia from the culture by shaking the culture flasks at 200 rpm on a shaker as reported previously (Zaheer et al. 2007) . Cells from astrocyte culture were positive for the astrocyte marker glial fibrillary acidic protein (GFAP) by ICC staining. Mouse neuronal cultures were prepared from Wt mice as well as GMF-KO mice fetal brains as described previously . Briefly, mouse fetal brain cells were cultured in neurobasal medium supplemented with B27, 2 mM L-glutamine and 1% penicillin-streptomycin at 37°C in humidified 5% CO 2 and 95% air. Neurons were cultured on poly-D-lysine coated 24 well tissue culture plates for 2 weeks. These cultures represent a nearly pure neuronal population based upon immunostaining for MAP-2.
Mouse Mast Cell Stimulation with MPP + or GMF, and Inflammatory Mediators Assay BMMCs grown from Wt mice and GMF-KO mice bone marrow were counted and plated in separate 24 well culture plates at 0.5 to 1 × 10 6 cells/ml in BMMCs culture medium containing 1% FBS and cultured overnight at 37°C. The cells were then incubated with MPP + or GMF at the indicated concentrations for different times as mentioned in the results section and figure legends. The culture supernatants were collected, centrifuged and either stored at −80°C until inflammatory mediator assays or used immediately. CCL2, MMP-3 or tryptase/BSSP-4 were assayed in these culture supernatants by ELISA. The working concentrations of stimulants were prepared in sterile 0.1% bovine serum albumin (BSA) in DPBS. The untreated control cells were incubated with equal volume of culture medium containing 0.1% BSA in DPBS.
Mouse Mast Cells and Mouse Glia/Neurons co-Culture and Stimulation
Primary mouse glia/neurons were first cultured in 24 well cell culture plates and the BMMCs were seeded in the same wells containing the glia/neurons at a ratio of 1:3; similar to inflammatory conditions. Glia/neurons or BMMCs were also cultured separately in different wells. Glial culture medium and BMMCs culture medium were used in equal (50:50) ratios in the co-culture conditions as reported previously . These cells were incubated with MPP + or GMF or mast cell proteases as indicated in the results and figure legends. The supernatants were collected, centrifuged and stored at −80°C for inflammatory mediators assay by ELISA kits. In another set of experiments, BMMCs were co-cultured with neurons in six well tissue culture plate, incubated with MPP + and the culture supernatants were used to measure tryptase/BSSP-4 release by ELISA Kit.
Analysis of CD40L (CD154) Expression in Mouse Mast Cells co-Cultured with Glia/Neurons by Flow Cytometry
BMMCs and glia/neurons can activate each other through direct cell-to-cell contact and through their inflammatory cytokines and chemokines. Here, we analyzed if the inhibition of direct cell-to-cell contact reduces the expression of CD40L on mast cells. First, glia/neurons were plated and grown to confluency in 24 well tissue culture plate. BMMCs were added into the wells and co-cultured for 72 h at 37°C. These co-cultured cells were incubated with MPP + (15 μM) for 72 h. In additional wells, after the confluence of glia/neurons; transwell inserts were placed and then BMMCs were added to the transwell inserts. This is to avoid direct contact of glia/neurons and BMMCs. The cells were incubated with MPP + for 72 h as mentioned above. The BMMCs were collected by centrifugation and processed for the analysis of CD40L expression (n = 3) by flow cytometry (BD LSR II with violet laser, BD Biosciences, San Jose, CA) u s i n g m o n o c l o n a l a n t i -m o u s e C D 4 0 L / T N F S F 5 Phycoerythrin conjugated Rat IgG2A antibodies as we have reported previously . Rat IgG2A isotype control Allophycocyanin conjugated or Rat IgG2A Isotype control Phycoerythrin conjugated were used as isotype matched controls.
Statistical Analysis
The results were analyzed using GraphPad InStat 3 statistical software. Mean ± SEM was calculated and analyzed using One-way Analysis of Variance (ANOVA) followed by Tukey-Kramer post hoc analysis to determine statistical significance for differences between the groups/conditions. Only one-way ANOVA and Tukey-Kramer post hoc analysis were used for the analysis unless otherwise mentioned. An unpaired t-test was used when comparing only two groups. A p-value of <0.05 was considered statistically significant.
Results

MPP + Induces Neuronal Degeneration as Determined by Immunocytochemistry for MAP-2
To investigate whether MPP + and mouse mast cell proteases induce neurodegeneration, mouse primary neurons obtained from Wt and GMF-KO mice fetal brains were incubated with MPP + (10 μM) or mast cell proteases MMCP-6 and MMCP-7 at 100 ng/ml for 24 h. Then the neurons were immunostained for MAP-2 to analyze the neuronal morphology. MPP + , MMCP-6 and MMCP-7-induced significantly more neuronal degeneration in the neurons obtained from Wt mice fetal brains as compared to untreated control neuronal cells (Fig. 1a, arrows) . Further, neurons obtained from GMF-KO mice showed reduced neuronal degeneration (Fig. 1b) as compared to neurons obtained from Wt mice. Untreated neuronal cells did not show degeneration. Neurite outgrowth measured by MetaMorph software was significantly (*p < 0.05) reduced in the neurons incubated with MPP + , MMCP-6 and MMCP-7 ( Fig. 1c, d ; *p < 0.05, n = 3). Our results show that the total neurite length is reduced more in Wt neurons as compared to GMF-KO neurons after the treatments, indicating that GMF deficiency provides neuroprotection in the brain.
MPP
+ Induces the Release of Tryptase/BSSP-4 from Wt BMMCs, which Induces Release of CCL2 from Astrocytes and Glia/Neurons
We examined whether MPP + induces mast cell protease tryptase/BSSP-4 release from Wt BMMCs. BMMCs incubated with MPP + (10 μM) for 24 h significantly induced the release of tryptase as compared to the release from untreated BMMCs (Fig. 2a , n = 4, p < 0.05). In another experiment, co-cultured neurons and BMMCs obtained from Wt mice were incubated with MPP + (10 μM) for 24 h and assayed for tryptase release in the culture media. Our results showed that MPP + released significantly more tryptase in this co-culture system as compared to BMMCs alone (Fig. 2b , n = 4). Further, co-culture also increased the overall amount of tryptase released from BMMCs. Next, we investigated if tryptase/BSSP-4 induces CCL2 release from astrocytes, and glia/neurons. Our results show that tryptase/BSSP-4 induces significant (*p < 0.05) release of CCL2 from astrocytes (Fig. 2c , n = 6) as well as from glia/neurons (Fig. 2d , n = 5) when compared to control untreated cells. Our results suggest that tryptase-mediated CCL2 release from Wt BMMCs could potentially induce neurodegeneration along with other inflammatory mediators.
MMCP-6 and MMCP-7 Induce Release of CCL2 from Wt Mouse Glia/Neurons
Here we tested whether mouse mast cell protease MMCP-6 induces Wt mice glia/neurons to release chemokine CCL2. In dose-response (5, 25, 50, 100 and 200 ng/ml) and time-course (6, 24 and 48 h) studies, glia/neurons were incubated with MMCP-6 and assayed for CCL2 levels in the culture media by ELISA. MMCP-6 significantly induced CCL2 release from glia/neurons obtained from Wt mice (Fig. 3a, n = 3 ). This release starts at 6 h at 25 ng/ml as compared to untreated control cells and is maximum at 24 h (*p < 0.05 control vs MMCP-6 treated cells, ANOVA and Tukey-Kramer). We also found that Wt glia/neurons incubated with MMCP-7 (100 ng/ ml) for 24 h also induced the release of CCL2 (Fig. 3b , n = 5, *p < 0.05, t-test). Additionally, we tested the effect of MMCP-6 on GMF-KO glia/neurons at 100 ng/ml concentration. Our results show that glia/neurons obtained from GMF-KO mice did not show any significant increase of CCL2 release except at 48 h of incubation (Fig. 4) .
MMCP-6 and MMCP-7 Induce CCL2 Release from Wt Mouse Astrocytes
Wt mice astrocytes were similarly incubated with MMCP-6 and MMCP-7 at 25, 50, 100 and 250 ng/ml for 6 h and 24 h and the release of CCL2 was measured in the culture media (n = 3-8). Both MMCP-6 (Fig. 5a ) and MMCP-7 (Fig. 5b ) induced significant release of CCL2 from astrocytes (*p < 0.05 control vs MMCP-6 treated cells, one-way ANOVA and Tukey-Kramer post hoc). Astrocytes incubated with MMCP-6 for 6 h at 100 and 250 ng/ml (Fig. 5a ) and 24 h at 50, 100 and 250 ng/ml induced significant release of CCL2 as compared to untreated control cells. Incubation of mouse astrocytes for 6 h or for 24 h with MMCP-7 at various concentrations induced significant release of CCL2 (Fig. 5b) .
These results suggest that mouse mast cell proteases can activate astrocytes to release inflammatory mediators.
Release of CCL2 from Wt and GMF-KO Mice Neurons by MMCP-6, MMCP-7 and MPP + We next examined if MMCP-6, MMCP-7, and MPP + activate mouse neurons to release CCL2 (n = 3). Neuronal cells obtained from Wt mice as well as from GMF-KO mice were incubated with MMCP-6 (200 ng/ml), MMCP-7 (200 ng/ml) and MPP + (20 μM) for 24 h and the CCL2 release was assayed in the culture media. Neuronal cells obtained from Wt mice released significantly higher amounts of CCL2 after incubation with MMCP-6, MMCP-7, and MPP + when compared to untreated control cells (Fig. 6) . However, only MPP The total neuronal outgrowth length was measured in the whole photomicrographs using MetaMorph software to determine the neuronal degeneration. MPP + , MMCP-6 and MMCP-7 significantly reduced the total neurite length as compared with control cells as shown in the bar graphs (One-way ANOVA and Tukey-Kramer post hoc, n = 3, *p < 0.05). Neurodegeneration is relatively higher in Wt neurons than in GMF-KO neurons significantly released CCL2 from neuronal cells obtained from GMF-KO mice (Fig. 6 , *p < 0.05 control vs MMCP-6, MMCP-7 and MPP + treated cells, one-way ANOVA and Tukey-Kramer post hoc). Our results show that MMCP-6, MMCP-7 and MPP + can induce neurons to release chemokine CCL2 from Wt astrocytes and it appears that this release of CCL2 by MMCP-6 and MMCP-7 is dependent on the presence of GMF.
GMF and MPP
+ Induce the Release of MMP-3 from Mast Cells, Astrocytes and Glia/Neurons, Obtained from Wt Mouse MMP-3 is implicated in the pathogenesis of neurodegenerative diseases. In this study, we investigated whether MPP + , GMF and mouse mast cell proteases activate brain cells or mast cells to release MMP-3. First, we incubated Wt BMMCs with GMF (100 ng/ml) or MPP + (20 μM) for 24 h and measured MMP-3 release in the cell culture media. GMF (Fig. 7a , n = 3) and MPP + (Fig. 7b , n = 4) treatment significantly increased -induces tryptase/BSSP-4 release from Wt BMMCs, and tryptase release CCL2 from astrocytes and glia/neurons. a Wt BMMCs were incubated with MPP + (10 μM) and the culture media were used for tryptase assay by ELISA (n = 4). MPP + induced significant tryptase/ BSSP-4 release from BMMCs as compared to untreated control cells. b Wt mouse neurons and Wt BMMCs co-cultured cells were treated with MPP + (10 μM) for 24 h (n = 4) and the tryptase released in the medium was assayed. MPP + released significantly more tryptase in this co-culture system as compared to co-cultured control cells (*p < 0.05; t test, control vs treated). c, d Wt mouse astrocytes (n = 6) or glia/neurons (n = 4) were incubated with tryptase/BSSP-4 (0.5-10 ng/ml) and the release of CCL2 was assayed in the culture media by ELISA. Tryptase/BSSP-4 induced CCL2 release from the astrocytes and glia/neurons. Results were shown as mean ± SEM (*p < 0.05; control vs treated, C = One-way ANOVA and Tukey-Kramer post hoc, D = t test) Fig. 3 MMCP-6 -induces CCL2 release from Wt mouse glia/neurons. a Wt mouse glia/neurons were incubated with MMCP-6 for dose-response (5 to 200 ng/ml) and time-course studies (6 to 48 h), and CCL2 levels in the culture media were determined by ELISA (n = 3). MMCP-6 induced significant CCL2 release from 6 h (at 25 ng/ml concentration) onwards from glia/neurons. Results were presented as mean ± SEM (*p < 0.05 control vs MMCP-6 treated cells, One-way ANOVA and Tukey-Kramer post hoc). b Wt glia/neurons were incubated with MMCP-7 (100 ng/ml) for 24 h and CCL2 release was measured by ELISA (n = 5). MMCP-7 induced significant CCL2 release from glia/neurons as compared to untreated control cells (*p < 0.05 control vs cells incubated with MMCP-7, t-test) Fig. 4 Effect of MMCP-6 on CCL2 release from GMF-KO mouse glia/neurons. Glia/neurons obtained from GMF-KO mice were incubated with MMCP-6 (100 ng/ml) for 6, 24 and 48 h. CCL2 release was measured in the culture media by ELISA (n = 4). MMCP-6 significantly released CCL2 only at 48 h when compared to untreated control cells. Results were presented as mean ± SEM (*p < 0.05 control vs MMCP-6 treated cells, t-test) (*p < 0.05; t test, control vs treated) the release of MMP-3 as compared to untreated control BMMCs. Next, Wt BMMCs and glia/neurons separately or in combination were incubated with MPP + (10 μM) for 48 h and assayed for the release of MMP-3 (Fig. 7c, n = 3) . Incubation of co-cultures of BMMCs and glia/neurons with MPP + induced significant release of MMP-3 as compared to control cells (Fig. 7c , *p < 0.05; t-test, control vs treated). In another set of experiments, Wt mice glia/neurons were incubated with MPP + (15 μM) or GMF (100 ng/ml) and the release of MMP-3 was measured in the culture media. Both MPP + and GMF induced significant release of MMP-3 from glia/neurons as compared with untreated control cells (Fig. 7d , n = 3). We also incubated glia/neurons with GMF in the presence or absence of BMMCs. GMF augments the release of MMP-3 in the presence of BMMCs (glia/neuron + BMMCs) compared to glia/neurons cultures alone (Fig. 7d , *p < 0.05; control vs treated). Our results show that co-culture of mast cells and glia/neurons increases MMP-3 release. Further, Wt mouse astrocytes incubated with MMCP-6 (200 ng/ml), MMCP-7 (200 ng/ml) and MPP + (20 μM) for 24 h showed the significant release of MMP-3 as compared to control cells (Fig. 7e , *p < 0.05; t test, control vs treated, n = 6). Both MMCP-6 (100 ng/ml) and MMCP-7 (100 ng/ ml) also induced MMP-3 release from glia/neurons (Fig. 7f,  n=6) . In another set of experiments, Wt astrocytes incubated with tryptase/BSSP-4 for 24 h showed increased MMP-3 release as compared with untreated control cells (Fig. 7g , n = 3, *p < 0.05). These results show that mast cell proteases activate brain cells to release MMP-3. Our overall results show that MPP + , GMF, MMCP-6, MMCP-7 and tryptase/BSSP-4 activate brain cells or mast cells to release the neurotoxic mediator MMP-3 to induce neurodegeneration.
Increased Expression of CD40L in Wt BMMCs co-Cultured with Mouse Wt Glia/Neurons as Determined by Flow Cytometry
Wt glia/neurons co-cultured with Wt BMMCs were incubated with MPP + (15 μM) for 72 h (n = 3). In additional wells, glia/neurons and BMMCs were separated using transwell inserts to avoid direct contacts between the cell populations. The expression of CD40L on BMMCs was analyzed by flow cytometry to determine the effect of direct cell-to-cell contact. MPP + increased the expression of CD40L on BMMCs cocultured with glia/neurons in direct cell-to-cell contact as compared to BMMCs that were contact inhibited by using transwell inserts. CD40L expression was low in untreated control BMMCs (Fig. 8) . These results indicate that prevention of direct cell-to-cell contact between BMMCs and glia/neurons downregulates CD40L expression.
Discussion
The present study shows that the PD-relevant toxin MPP + -induced neurodegeneration with reduced total neurite outgrowth. MPP + also induced tryptase/BSSP-4 release from Wt mouse BMMCs. Mouse mast cell proteases release chemokine CCL2 from glia/neurons, astrocytes, and neurons in vitro. Further, MPP + , GMF, MMCP-6, MMCP-7 and tryptase/ BSSP-4 stimulate glia/neurons, astrocytes or BMMCs to release neurotoxic MMP-3. Tryptase, CCL2, and MMP-3 are implicated in the mechanism of neurodegeneration. In this study, we demonstrate that an absence of GMF reduces the (15 μM) or GMF (100 ng/ml) for 24 h and the release of MMP-3 was measured in the culture media (n = 3). MPP + and GMF significantly induced the release of MMP-3 from glia/neurons. Wt glia/neurons and BMMCs were co-cultured and then stimulated with GMF. GMF augments the release of MMP-3 in this co-culture system as compared to single glia/neurons culture condition (*p < 0.05; t test, control vs treated). (E, F, G) Wt mouse astrocytes or glia/neurons were incubated with MMCP-6, MMCP-7, MPP + or tryptase/BSSP-4 and the release of MMCP-3 in the culture media was measured by ELISA. MMCP-7 (n = 6), MMP-6 (n = 6), MPP + (n = 6) and tryptase/BSSP-4 (n = 3)-induced significantly increased MMP-3 release as compared to control cells. Results were presented as mean ± SEM (*p < 0.05 control vs treated cells, One-way ANOVA and Tukey-Kramer post hoc) in the brain (Seeldrayers et al. 1992; Kim et al. 2010; McKittrick et al. 2015) . Previous studies have shown that intravenously administered BMMCs as well as peripheral mast cells infiltrate the brain in pathological conditions and thus exacerbate neuroinflammatory response (Silverman et al. 2000; Tanzola et al. 2003; Bennett et al. 2009; Skaper et al. 2013a) . Resident mast cells in the brain can recruit and activate other types of inflammatory cells and cause vasodilation during neuroinflammatory conditions (Nelissen et al. 2013) . Additionally, peripheral mast cells have also been shown to influence the CNS inflammatory responses. Mast cells are implicated in demyelinating and neuroinflammatory diseases such as MS/EAE and PD (Skaper et al. 2014) . Mast cells are both a target and a source of various inflammatory mediators that are involved in the neuroinflammatory processes. Mast cells can selectively release several neuroactive mediators, including cytokines, chemokines, ROS, RNS and NO depending upon the tissue microenvironment and the type of stimuli (Mekori and Metcalfe 2000; Kalesnikoff and Galli 2008; Sismanopoulos et al. 2012; Theoharides et al. 2012; Kempuraj et al. 2013; Nelissen et al. 2013) . Proinflammatory mediators released from the activated mast cells could influence neuroinflammation leading to neurodegeneration in the CNS. Though mast cells are known to be involved in neuroinflammation, the exact mechanism how mast cells interact with glial cells and neurons in neuroinflammation is not yet clearly known.
Our present study shows the release of CCL2, tryptase/ BSSP-4 and MMP-3 from glia, neurons, BMMCs or under co-culture conditions incubated with the PD-relevant toxin MPP + . CCL2 is expressed in glia, neurons, and mast cells and plays an important role in the pathogenesis of neurodegenerative diseases as a chemoattractant (Madrigal and Caso 2014; Kempuraj et al. 2016 ). CCL2 released from brain cells and mast cells in response to the PD-relevant stimulant could increase the infiltration of other types of inflammatory cells into the substantia nigra in the brain and then further exacerbate neuroinflammation. Mast cells interact/cross-talk with astrocytes, neurons, microglia and oligodendrocytes in the pathogenesis of neurodegenerative diseases Skaper et al. 2013a; Frieri et al. 2015) . It has been reported that mast cells but not the microglia were the first responders in the brain injury (Jin et al. 2009 ) and also release TNF-α before the other cells, indicating its immediate response in the brain . Mast cell protease tryptase is an important serine-protease and plays an important role in inflammation. Tryptase is stored in mast cell granules and released once activated. A recent report suggests that new and specific inhibitors targeting tryptase could represent a specific and potent therapeutic option to treat various inflammatory disorders including neuroinflammatory conditions (Ni et al. 2017) . Mast cell protease is known to activate microglia and neurons through PAR-2 and release TNF-α and IL-6 . PAR-2 are G protein-coupled receptors for proteases from inflammatory cells such as mast cells and play an important role in neuronal functions and in neuroinflammation (Cottrell et al. 2003; Saito and Bunnett 2005) , and it also induces mast cell accumulation (Liu et al. 2016) . PAR-2 expressed on astrocytes, microglia, neurons, and mast cells are involved in the process of neurodegeneration (Cottrell et al. 2003; Rothmeier and Ruf 2012; Zhang et al. 2012 ). MMCP-6 and MMCP-7 are proteases of connective tissuetype mast cells in the mouse and are similar to human β and α tryptases, respectively (Caughey 2007) . These proinflammatory molecules activate PAR-2 expression in glial cells, neurons as well as mast cells (Cui et al. 2014) . Mast cells are the source of proteases that can activate PAR-2 and induce local neuroinflammation in the CNS (Rothmeier and Ruf 2012) . In this study, we have analyzed whether mouse mast cell proteases MMCP-6 and MMCP-7 activate glial cells and neuronal cells to release neuroinflammatory mediators relevant to PD pathogenesis. We observed that mouse mast cell proteases MMCP-6, MMCP-7 or tryptase/BSSP-4 activate glial cells, neurons, and release CCL2 and MMP-3 that are implicated in neurodegeneration. We speculate that this release may involve PAR-2, mitogen-activated protein kinases (MAPKs) and nuclear factor-kappa B (NF-κB) pathways as reported previously for microglial activation by proteases . Our current results and previous other reports have shown that mast cell proteases act as neuroinflammatory mediators in the Fig. 8 Expression of CD40L in Wt BMMCs co-cultured with glia/neurons as analyzed by flow cytometry. BMMCs and glia/neurons were co-cultured in 24 well culture plates for 72 h and subsequently incubated with MPP + (15 μM) for 72 h at 37°C. In additional wells, transwell inserts were placed to avoid direct contact between glia/neurons and BMMCs. BMMCs were added on top of transwell inserts and incubated with MPP + . The expression of CD40L on BMMCs was analyzed by flow cytometry using anti-mCD40L/TNFSF5 antibody (n = 3). MPP + increased the expression of CD40L on BMMCs as compared to control untreated cells where there was no direct cell-tocell contact inhibition. However, CD40L expression was reduced in the wells where transwell inserts were used to avoid direct contact of glia/neurons and BMMCs neuroinflammatory disorders including PD Shaik-Dasthagirisaheb and Conti 2016) . We did not measure MMCP-6 and MMCP-7 in this study, as the exact ELISA kits for their measurements are not available. Further, the exact functional differences between the mouse proteases are not yet clearly known.
Mast cells, endothelial cells, and leukocytes in the brain secrete MMPs. MMPs digest the tight junctions and basement membrane proteins and thus further increase the BBB permeability in neuroinflammation (Rempe et al. 2016) . MMP-3 is normally present in low concentration but increases in various inflammatory conditions. MMP-3 is an inflammatory mediator released from activated microglia (Lee et al. 2010a ) as well as mast cells (Johnson et al. 1998) . MMPs are highly expressed in several neuropathological disorders and induces neuroinflammatory responses causing the breakdown of the BBB, infiltration of the peripheral immunocytes, demyelination, and neuronal death (Woo et al. 2008; Rosenberg 2009; Rempe et al. 2016) . The expression of MMP-3 is also upregulated in α-synuclein-stimulated microglia and mediates neuroinflammatory reactions relevant to PD. MMPs cleave the N-terminal extracellular domain of PAR-1 and activate intracellular inflammatory signaling pathways in α-synuclein-activated microglia (Lee et al. 2015) . MMPs induce dopaminergic neuronal degeneration in PD. MMP-3 released from dopaminergic neurons activates microglia and releases TNF-α which in turn mediates neurodegeneration (Ronnberg et al. 2012) . MMP-3 is also involved in caspase-3 activation in apoptotic pathways, α-synuclein cleavage, and generation of toxic aggregates. MMP-3 deficient mice show attenuated BBB permeability, decreased number of immune cells infiltration in the substantia nigra in 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine (MPTP)-treated mouse model of PD, indic a t i n g t h a t M M P s p l a y a n i m p o r t a n t r o l e i n neuroinflammatory mechanisms (Rempe et al. 2016) . BBB breakdown allows the entry of immune/inflammatory cells to the brain from the peripheral system in neuroinflammatory conditions. Immune cells from the blood can cross the BBB through MMPs-independent transcellular and MMPsdependent para cellular routes. In para cellular pathway, immune cells such as T cells and mast cells release MMPs which opens the brain endothelial tight junctions and cross the BBB (Rempe et al. 2016) . In this study, we have measured the release of MMP-3 from activated mast cells and brain cells since it is implicated in neuroinflammation and neurodegenerative mechanisms. MMP-3 is an inflammatory neurotoxic protein that induces neuronal death, BBB dysfunction in demyelination/neurodegenerative diseases such as PD, AD and MS (Woo et al. 2008) . Mast cell activation was associated with proinflammatory cytokine and metalloproteinase expression by neighboring cells, suggesting an important contributory role for the mast cells in neurodegeneration (Tetlow and Woolley 1995) . Our study shows that MPP + , MMCP-6, MMCP-7 and tryptase/BSSP-4 induce the release of MMP-3 from mouse glia, neurons and mast cells suggesting that these cells can release neuroinflammatory molecules including MMP-3 that are involved in neurodegeneration such as in PD. GMF, an inflammatory brain protein was previously isolated, sequenced and cloned in our laboratory (Lim et al. 1989; Kaplan et al. 1991; Lim and Zaheer 1991; Zaheer et al. 1993) . GMF is expressed in astrocytes, microglia and many neurons in the brains and the expression is increased in neurodegenerative diseases (Wang et al. 1992; Zaheer et al. 2011a; Thangavel et al. 2013) . We have previously reported that GMF-induces neurodegeneration by acting on glial cells and neurons (Lim et al. 2004; Zaheer et al. 2008a; Zaheer et al. 2008b; Kempuraj et al. 2013) . Additionally, we have also previously shown that GMF activates mast cells to release various inflammatory mediators Kempuraj et al. 2016) . GMF-induced neuroinflammation leads to the death of neurons in the CNS (Zaheer et al. 2007) . GMF expression level is increased in the CNS of neurodegenerative diseases including EAE (Zaheer et al. 2011b; Thangavel et al. 2012) , while GMF knockdown suppresses dopaminergic neuronal loss, glial activation and the expression levels of proinflammatory mediators in the substantia nigra of MPTP-treated animal model of PD (Khan et al. 2015) . We have previously reported the expression of GMF in human and mouse mast cells, as GMF was also reported in several extra CNS cells in the body . GMF could act in an autocrine and paracrine manner in the activation of mast cells in the CNS. It is known that GMF (Zaheer et al. 2007; Kempuraj et al. 2013 ) and MPP + (Brahmachari et al. 2009 ) activate glial cells and induce neuroinflammation (Hirsch and Hunot 2009; Lee et al. 2010b; Kalia et al. 2013) . We have previously reported reduced expression of inflammatory mediators in astrocytes and microglia obtained from GMF-KO mice and increased levels of inflammatory mediators in GMF-KO brain cells reconstituted to overexpress GMF (Zaheer et al. 2008b) . Therefore, we have used GMF-KO cells in only some experiments to study the effect of the mast cell proteases on brain cells. Our previous studies have demonstrated that GMF activates astrocytes through p38 MAPK and NF-κB signaling pathways (Zaheer et al. 2001; Zaheer et al. 2007 ) and inhibition of these pathways in GMF-KO glial cells also reduced the inflammatory mediator release in vitro (Khan et al. 2014 ). The reduced release of CCL2 from GMF-KO cells observed in the present study could be due to the inhibition of MAPKs and NF-κB activation as we reported previously (Zaheer et al. 2007 ). Further, we have also demonstrated that GMF-deficiency in astrocytes upregulates the antioxidant status and limits the extent of lipid peroxidation and production of ROS along with diminished NF-κB-mediated inflammation in MPP + -mediated toxicity (Khan et al. 2014 ). Our present study shows decreased neurodegeneration with reduced total neurite outgrowth in MPP + treated neuronal cultures obtained from GMF-KO mice brains than from Wt mice brains.
Glial cells, neurons and mast cells communicate with each other through several signaling pathways involving CD40L, CD40, toll-like receptor 2 (TLR2), TLR4, PAR-2, chemokine (C-X-C motif) receptor 4 (CXCR4)/CXCL12 and C5a receptor to promote glial cell migration and activation associated with inflammatory mediator release in neuroinflammatory conditions (Kim et al. 2011; Zhang et al. 2012; Skaper et al. 2013b) . It has been suggested that mast cells are the major linking cells between neurons and neuroinflammatory responses (Tore and Tuncel 2009 ). CD40 and CD40L interaction activates inflammatory cells to release proinflammatory mediators. In the present study, our observation that MPP + upregulates the expression of CD40L in BMMCs in the coculture indicates an important role of mast cells in neuroinflammatory pathways. Glial expression of GMF at their cell surface could activate the adjacent mast cells in the brain to express/release neuroinflammatory proteins/mediators (Lim et al. 1990 ). Glial cells, as well as brain mast cells, mediate both neurotoxic as well as neurotrophic effects. Inflammatory mediators released from glia in the substantia nigra can recruit and activate mast cells in the substantia nigra. Inflammatory mediators released from activated mast cells can further activate and release inflammatory mediators from glial cells in the substantia nigra leading to neurodegeneration in PD. Further studies are required to understand the mechanism of mast cell activation in the human PD brains especially in the substantia nigra region in vivo, and using dopaminergic neurons in vitro. In conclusion, our present results indicate that mast cells cross-talk with glial cells and neuronal cells in the pathogenesis of neurodegeneration, and this interaction can be explored as a new therapeutic target for neurodegenerative diseases including PD.
